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METHOD OF SENSITIZING MICROBIAL CELLS 
TO ANTIMICROBIAL COMPOUNDS 

CROSS-REFERENCE TO RELATED APPLICATION 

Not applicable. 

STATEMENT REGARDING FEDERALLY SPONSORED 
RESEARCH OR DEVELOPMENT 

5 This invention was made with United States 

government support awarded by the following agencies : 
USDA AGRICCREE Nos : 94-37201-1026; 96-35201-3272. The 
United States has certain rights in this invention. 

BACKGROUND OF THE INVENTION 

10 Microbial Resistance 

Increasing incidence of microbial resistance to 
antibiotics and other antimicrobials is a growing concern 
facing the medical, food and sanitation industries. 
Major mechanisms of microbial resistance include active 

15 drug efflux systems and mutations which lead to 

nonspecific decreases in cell permeability. Other routes 
to resistance include antimicrobial degradation, 
inactivation by enzymatic modifications, or alteration of 
the drug's target within the cell (Nikkaido, 1994). 

20 To counter the increasing incidence of antimicrobial 

resistance, the pharmaceutical and other industries have 
invested substantial resources in the search for new 
inhibitory compounds of microbial, plant and animal 
origin. Newer strategies to overcome antimicrobial 

25 resistance have included increased production of new 
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synthetic and semisynthetic antibiotics which are 
resistant to the activities of those microbial enzymes 
(i.e. 3 -lactamases) capable of degradation or 
modification of naturally- derived antibiotics (Nikkaido, 
5 1994) . 

Although many specific mechanisms of microbial 
resistance have been successfully addressed, it is 
thought that the more general mechanisms of altered 
permeability and increased efflux capability will become 

10 increasingly important from a clinical perspective 
(Nikkaido, 1994) . 

Efflux systems and mechanisms of antibiotic 
degradation rely on saturable biological structures 
(i.e., pumps or enzymes). If the nonspecific influx of 

15 an intracellularly or membrane -targeted lethal agent is 
high enough to overcome these inactivation mechanisms, 
then the effect of these mechanisms might be minimized, 
leading to the death of the cell. 

Terpenoids 

20 Terpenoids, a broad class of lipophilic secondary 

metabolites derived from mevalonate and isopentenyl 
pyrophosphate, occur widely in nature and have been of 
historical interest to man primarily for their 
contribution to the characteristic flavors and aromas of 

25 herbs, spices and flowers. As of 1991, the number of 
recognized natural terpenoids had reached an estimated 
15,000 to 20,000 (Harborne, 1991). 
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Sesquiterpenoid compounds, containing 15 carbons, 
are formed biosynthetically from three 5 -carbon isoprene 
units. Because of their naturally pleasing odors and 
flavors, many sesquiterpenoids of plant origin have found 
use in perfumery and flavoring applications and are now 
produced industrially from monoterpenoid feedstock. For 
example, nerolidol, commonly used to provide a base note 
for floral aroma compositions, is readily produced from 
linalool, itself derived from a-pinene, which occurs in 
high concentration in turpentine oil (Bauer, et al . . 
1997) . 

Apart from their use in perfumery, terpenoids have 
been associated with a variety of important biological 
functions as pheromones, insect ant if eedants, 
phytoalexins and others (Harborne, 1991) . 

BRIEF SUMMARY OF THE INVENTION 

In one embodiment, the present invention is a method 
of promoting the uptake of exogenous antimicrobial 
compounds by microbial cells. The method comprises the 
step of exposing the microbial cell to an amount of a 
sesquiterpenoid effective to enhance antimicrobial 
compound uptake in the microorganism and an antimicrobial 
compound. In a preferred embodiment of the present 
invention the antimicrobial compound is an antibiotic. 
Most preferably, the antibiotic is selected from the 
group consisting of clindamycin, ciprofloxacin, 
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erythromycin, tetracycline, gentamicin, vancomycin and 
polymyxin B sulfate. 

In one embodiment of the present invention, the 
method involves a topical application of the 
5 sesqui terpenoid and antimicrobial compound to human or 
animal skin. For example, one might apply a cream or 
ointment comprising the sesquiterpenoid and antimicrobial 
compound to a wound. 

In another embodiment, the present invention is the 
10 application of the sesquiterpenoid and antimicrobial 

compound to a hard or soft surface, such as a food, sink, 
sponge or bathroom fixture. 

In a preferred embodiment of the present invention, 
the sesquiterpenoid is selected from the group consisting 
15 of farnesol, nerolidol, bisabolol and apritone. In a 

most preferred form of the invention, the sesquiterpenoid 
is either nerolidol or farnesol. 

In one form of the present invention, the 
sesquiterpenoid is a mixture of different 
20 sesqui terpenoids . 

The present invention is also an antimicrobial 
compound comprising an effective amount of a 
sesquiterpenoid and an antimicrobial compound. In a 
preferred form of this embodiment of the present 
25 invention, the antimicrobial compound is an antibiotic or 
food grade antimicrobial. 

It is an object of the present invention to provide 
a method of sensitizing microorganisms, such as bacteria 
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and fungi, to antimicrobials. By means of the present 
invention, microorganisms will become sensitive to an 
antibiotic or other antimicrobial compound at dosages 
previously thought to be ineffective. 
5 Other advantages, features and objects of the 

present invention will become apparent after one has 
reviewed the specification, claims and drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a set of chemical structures and Chemical 
10 Abstract Service (CAS) registry numbers of farnesol, 
nerolidol, bisabolol and apritone. 

Fig. 2 is a set of four graphs depicting 
sesquiterpenoid-mediated uptake of ethidium bromide by 
cells of L. fermentum ATCC 14931. 0.5 mM farnesol was 
15 added in Fig. 2A; 0.5 mM nerolidol was added in Fig. 2B; 
0.5 mM bisabolol was added in Fig. 2C; and 0 . 5 mM 
apritone was added in Fig. 2D. 

Fig. 3 is a set of two graphs depicting 
sesquiterpenoid-mediated uptake of ethidium bromide by 
20 cells of L. fermentum ATCC 14931. Fig. 3A depicts cells 
treated with 0.5 mM nerolidol at time 0. Fig. 3B depicts 
cells treated with 0.5 mM nerolidol at 5 minutes. 

Fig. 4 is a graph (log cfu/ml by time) demonstrating 
the synergistic affect of nerolidol on the activity of 
25 polymixin B against E. coli ATCC 25922. 
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DETAILED DESCRIPTION OF THE INVENTION 

The present invention is a method of promoting the 
enhanced uptake of exogenous antimicrobial compounds, 
including antibiotics, by cells of bacteria and fungi. 
5 The method comprises the step of exposing the 

microorganism to a mixture comprising a sesquiterpenoid 
and the antimicrobial compound. In a preferred 
embodiment of the present invention, one would apply a 
composition comprising an amount of sesquiterpenoid 

10 sufficient to increase microorganism permeability 
combined with an antibiotic. 

In the presence of the sesquiterpenoid, 
microorganisms are inhibited by lower doses of 
antimicrobial agents or antibiotics. Thus, the present 

15 invention increases the efficacy of antimicrobial agents. 
The amount of sesquiterpenoid effective for 
enhancing the uptake of exogenous antimicrobials can vary 
over a wide range. Preferably, an amount of between 0.1 
mM and 50 mM would effectively facilitate antimicrobial 

20 compound uptake. Most preferably, the amount would be 
between 0.5 mM and 2 mM. 

By "sesquiterpenoid" we refer to any 15 -carbon 
compound derived from the condensation of three 5-carbon 
isoprene units. These compounds may be derived from 

25 natural sources (i.e., plant essential oils) or formed 
synthetically, maybe cyclic or acyclic and may contain 
an oxygen atom. Preferable sesqui terpenoids include 
farnesol, nerolidol, bisabolol and apritone (Fig. 1) . 
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Most preferred sesquiterpenoids include farnesol and 
nerolidol . 

Suitable antimicrobial compounds include 
antibiotics, preferably clindamycin, ciprofloxacin, 
5 erythromycin, tetracycline, gentamicin, vancomycin and 
polymyxin B sulfate. Also included are organic acids, 
e.g., acetic, lactic, citric, sorbic and naturally 
occurring hops beta-acids. Parabens and phenolics (e.g., 
esters of benzoic acid; p-hydroxybenzoic acid; butylated 

10 hydroxyanisole; tertiary butylhydroquinone) are also 

included, as are medium chain (C = 8 - 14) fatty acids 
and esters, e.g., monolaurin, monocaprin, sucrose esters 
of fatty acids. In general, we feel that membrane active 
compounds (e.g., polymyxin, medium chain fatty acid 

15 esters) are most effective when combined with the 
sesquiterpenoids . 

In one preferred embodiment, the method of the 
present invention requires that one expose microorganisms 
to a mixture comprising a sesquiterpenoid and an 

20 antimicrobial compound. However, in another embodiment 
either the sesquiterpenoid or the antimicrobial compound 
may be first exposed to the microorganism. Preferably, 
sesquiterpenoid is administered first. 

One may also wish to include acceptable carriers and 

25 diluents in the antimicrobial composition. These 
carriers could include organic solvents or water. 
Additionally, deodorizing agents, fragrances, surfactants 
and buffering agents may be included. 
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A particularly preferred mode of administration is 
to a skin surface via a topical route. We envision that 
one may use the method and composition of the present 
invention to treat surface wounds or as a general 
5 antibacterial treatment. For example, one may wish to 
prevent sepsis or treat infections. The composition is 
preferably topically applied in the form of a lotion, 
solution, cream, ointment or powder. For treatment of 
sepsis or intestinal infections, oral or injectable 

10 formulations could be employed. 

Additionally, the present invention will widen the 
antimicrobial spectra to include microorganisms not 
normally affected by antimicrobial agents. 

For example, the composition may be formulated into 

15 a cream consisting of an aqueous emulsion of polyethylene 
glycols or liquid paraffin or may be incorporated at a 
concentration between 1 and 10% into an ointment 
consisting of a white wax or white soft paraffin base 
together with such stabilizers and preservatives as may 

20 be required. The topical compositions can contain 
additional ingredients such as binders, excipients, 
antioxidants, and dyes. 

In another preferred mode of administration of the 
present invention, one may wish to treat hard or soft 

25 surfaces, such as tables, cutting surfaces, bathroom 
fixtures, showers, tubs, sponges, shower curtains, 
plumbing fixtures, cutlery, or sinks with a solution 
comprising a sesquiterpenoid and an antimicrobial 



-8- 



WO 99/66796 



PCT/US99/12916 



compound. The composition is preferably applied in the 
form of a solution to be sprayed or wiped on the surface. 

One may also wish to treat the surface of foods in 
the method of the present invention to reduce microbial 
5 growth . 

Suitable target microorganisms of the present 
invention include both bacteria and fungi, such as yeast. 
Preferably, the bacteria are gram-positive bacteria. 

EXAMPLES 

10 1 . In General 

We have found that the sesquiterpenoids, in 
particular the flavorant and aroma compounds farnesol, 
nerolidol, bisabolol and apritone, promote the uptake of 
exogenous compounds, including antibiotics, by cells of 

15 gram-positive bacteria and fungi, such as yeasts. 

Additionally, nerolidol has been shown to dramatically 
increase the activity of the membrane -targeted amphiphile 
polymyxin B against the gram negative bacterium 
Escherichia coli. 

20 2. Materials and Methods 
Chemical Reagents 

a-terpinene, cineole, citral, citronellal, 
citronellol, ethidium bromide, farnesol, geraniol, 
limonene, linalool, menthone, nerolidol and terpineol 
25 were from Sigma (St. Louis, MO) ; camphene, menthone, 

myrcene, nerol, tetrahydrogeraniol and tetrahydrolinalool 
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were from Aldrich (Milwaukee, WI) ; apritone and bisabolol 
were from Bedoukian Research, Inc. (Danbury, CT) . 

Antibiotics 

Paper discs containing known quantities of 
5 clindamycin, ciprofloxacin, erythromycin, tetracycline, 
gentamicin and vancomycin were from Difco (BBL 
SensiDiscs) ; Polymyxin B sulfate was from Sigma (St. 
Louis, MO) . 

Bacteyjcg ^trains and gyowth conditions 

10 Eirwinia sp. #351 was from Presque Isle Cultures, 

Presque Isle, PA. Lactobacillus fermentum ATCC 14 931, 
Zygosaccharomyces bailii ATCC 60483 and E. coli ATCC 
25922 (National Committee on Clinical Laboratory 
Standards antibiotic test strain) were from the American 

15 Type Culture Collection, Manassas, Virginia. 

Staphylococcus aureus ATCC 6538 and Enterococcus faecalis 
Bact. 4025 were obtained from the UW-Madison Department 
of Bacteriology culture collection. All bacteria except 
for L. fermentum were grown statically in screwcap tubes 

20 containing 10 ml Trypticase Soy Broth (BBL, Cockeysville , 
MD) for 20-22 hours at 30°C. L. fermentum was grown 
statically in screwcap tubes containing 10 ml MRS broth 
(Difco) for 20-22 hours at 30°C. Cultures of Z. bailii 
were grown in 125 ml culture flasks containing 50 ml YM 

25 broth (Difco) on a rotary shaker set at 200 rpm for 20-22 
hours at 25°C. 
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frr^-ihintic nisc Assay 

The activity of terpenoid compounds toward 
facilitating susceptibility to antibiotics was assessed 
using an antibiotic disc assay. For this assay, cells 
5 from an overnight growth were suspended to a known 

concentration in 0.5 ml 67 mM phosphate buffer, pH 7.0 
and mixed with 4.5 ml 0.7% Iso-Sensitest agar (Oxoid, 
Basingstoke, Hampshire, England) overlay tempered to 
50°C. Terpenoid compounds dissolved in absolute ethanol 
10 were added to the cell/agar overlay mixture yielding 

final concentrations of 0.5, 1.0 or 2.0 mM, depending on 
the experiment. The final concentration of ethanol in 
cell overlays was 0.5% and the final concentration of 
target cells was ca. 10 6 cf u/ml . After thorough 
15 vortexing, terpenoid- containing cell overlays were poured 
over hardened Iso-Sensitest agar (2% agar) plates and 
allowed to set. Antibiotic discs containing clindamycin 
(2 (ig) , ciprofloxacin (5 \ig) , erythromycin (15 ng) , 
tetracycline (30 (ig) , gentamicin (10 ng) and vancomycin 
20 (30 fig) were placed on the surface of plates containing 

terpenoid/cell overlays and plates were incubated at 37°C 
for 22-24 hours. After incubation, zones of inhibition 
were measured with a ruler from the bottom of the plates. 

Flow Cytometry 

25 For experiments involving flow cytometry, overnight 

cultures of Erwinia sp., L. fermentum and Z. bailii were 
set to a concentration of ca. 10 7 cfu/ml in 67 mM 
phosphate buffer, pH 7.0 (filtered, 0.2 jim) . For the 
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examination of sesquiterpenoids, cell suspensions 
containing either 0.5 % ethanol and 15 fiM ethidium 
bromide or 0.5 mM apritone, bisabolol, nerolidol or 
farnesol dissolved in ethanol (0.5 % ethanol, final 
5 concentration) and 15 (iM ethidium bromide were incubated 
for 40 minutes at room temperature. After incubation, 
cell suspensions were diluted 1:10 in 67 mM phosphate 
buffer, pH 7.0 (filtered, 0.2 /xm) and examined using a 
FACScan flow cytometer (Becton Dickinson and Company, 
10 Cockeysville, MD) . Data were collected in logarithmic 
mode on forward scatter, side scatter and fluorescence 
characteristics of the cells* 

Plating Assay 

To assess the effect of nerolidol on enhancing 
15 polymyxin B activity against E. coli, cells from an 

overnight growth were suspended in 67 mM phosphate buffer 
to ca. 10 7 cfu/ml and treated with either 10 ppm polymyxin 
B sulfate (in distilled water, filter-sterilized, 0.2 
/xm) , 1 mM nerolidol or 10 ppm polymyxin B plus 1 mM 
20 nerolidol and incubated at 37°C for up to 30 minutes. 

After incubation, cells were enumerated by pour plating 
in Trypticase Soy agar, tempered to 50°C. Plates were 
incubated overnight at 37°C prior to counting colonies. 

3. Results 

25 A. Effects on Gram-Positive Bacteria and Yeasts : 

Flow cytometry demonstrated that the sesquiterpenoids 
apritone, bisabolol, nerolidol and farnesol facilitated 
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the uptake of ethidium bromide by L. fermen turn (Fig. 2) . 
Farnesol led to the highest ethidium- conferred 
fluorescence peak, indicating the greatest degree of dye 
uptake . 

5 Fig. 2 demonstrates sesquiterpenoid-mediated uptake 

of ethidium bromide by cells of L. fermentum ATCC 14931. 
Cells were treated with 15 /iM ethidium bromide and 0.5 mM 
farnesol, nerolidol, bisabolol or apritone. Following an 
incubation at ambient temperatures of 40 minutes, cells 

10 were examined by flow cytometry. Rightward shift and 
increased height of sesquiterpenoid- treated cell 
populations (shaded histograms) demonstrates increased 
dye uptake relative to control cells treated with 
ethidium bromide only (non-shaded histograms) . 

15 In cells of L. fermentum treated with 0 . 5 mM 

nerolidol, substantial uptake of ethidium bromide 
occurred as soon as 5 minutes after ethidium and 
nerolidol were added to the cell suspension (Fig. 3) . 
Sesquiterpenoid-mediated dye uptake was less pronounced 

20 for Z. bailii , with apritone leading to the greatest 
degree of chromosomal staining. 

Fig. 3 demonstrates the rapidity of sesquiterpenoid- 
mediated uptake of ethidium bromide by cells of L. 
fermentum ATCC 14931. Cells were treated with 15 ptM 

25 ethidium bromide +/- 0.5 mM nerolidol and examined 
immediately and after 5 minutes by flow cytometry. 
Rightward shift and increased height of nerolidol -treated 
cell population (shaded histogram) demonstrates 



-13- 



WO 99/66796 



PCT/US99/12916 



substantial dye- uptake relative to control cells (non- 
shaded histogram) after as little as 5 minutes. 

As measured by antibiotic disc diffusion assay, S. 
aureus demonstrated a more catholic degree of 
sesquiterpenoid-mediated sensitization than did E. 
faecalis. S. aureus was readily sensitized by apritone, 
bisabolol and nerolidol to six different antibiotics 
representing drug families of major clinical importance 
including the macrolide (erythromycin) , aminoglycoside 
(gentamicin) , glycopeptide (vancomycin) , and 
fluoroquinolone (ciprofloxacin) families. The degree of 
sensitization depended on the amount of sesquiterpenoid 
present in the agar overlay, with higher sesquiterpenoid 
concentrations rendering S. aureus more susceptible to 
each antibiotic (Table 1) . 

TABLE 1 



Staphylococcus aureus 


control 


0.5 mM 


1mM 


2mM 






A 


B 


N 


A 


B 


N 


A 


B 


N 


clindamycin 2 /yg 


22 


22 


24.5 


23.5 


25 


27 


31.5 


27.5 


32 


35.5 


ciprofloxacin 5 //g 


21.5 


24 


25 


27.5 


24 


30 


30.5 


26.5 


30 


34 


erythromycin 15//g 


24 


26 


26 


27 


25 


29 


29.5 


26.5 


30 


33 


tetracycline 30 //g 


21.5 


25.5 


25 


25.5 


26 


26 


26.5 


27.5 


30 


32.5 


gentamicin 10 //g 


18.5 


20 


22 


24 


21 


27.5 


26 


23 


29 


35 


vancomycin 3Qjjq 


18 


19 


20 


20 


18 


19 


23.5 


20 


21 


25 



Table 1: Effects of the sesquiterpenoids apritone 
(A) , bisabolol (B) and nerolidol (N) on the sensitivity 
of S. aureus to several antibiotics. Diameters of zones 
of inhibition are given in millimeters. Farnesol was 
inhibitory at all concentrations used. 
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As measured by antibiotic disc diffusion assay, E. 
faecalis generally demonstrated only a modest degree of 
sensitization in the presence of 1 mM apritone, bisabolol 
or nerolidol. Exceptions to this modest response were 
5 with clindamycin and gentamicin. With clindamycin, zones 
on plates containing bisabolol and nerolidol were smaller 
(by 1 mm) than were control plates or those containing 1 
mM apritone. With gentamicin, the presence of 1 mM 
nerolidol nearly doubled the size of the zone of 
10 inhibition (9 mm to 17.5 mm) (Table 2). 

TABLE 2 



Enterococcus faecalis 


control 


1 mM 


1 mM 


1 mM 






A 


B 


N 


clindamycin 2 pig 


12 


12 


11 


11 


ciprofloxacin 5 fJQ 


14 


15.5 


15 


17 


erythromycin 1 5 //g 


18.5 


18 


19 


19.5 


tetracycline 30 //g 


22 


22.5 


24 


23.5 


gentamicin 1 0 jjq 


9 


11 


ND 


17.5 


vancomycin 30 //9 


17 


17 


18 


18 



20 Table 2: Effects of the sesquiterpenoids apritone 

(A) , bisabolol (B) and nerolidol (N) on antibiotic 
sensitivity of E. faecalis. Diameters of zones of 
inhibition are given in millimeters. ND = not 
determined. Farnesol (F) was inhibitory at 1 mM. 

25 B. Comparison of ter penoid compounds for activity,, 

cyclic monoterpenoids. acyclic monoterpenoids and 
sesquiterpenoids : Because the 10 -carbon monoterpenoid 
molecular skeleton is conserved in the 15-carbon 
sesquiterpenoids, and because of the lipophilic nature of 

30 terpenoid compounds as a class (Harborne, 1991) , 
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experiments were conducted to investigate whether the 
acyclic monoterpenoid flavorant and fragrance compounds 
nerol, citronellal, tetrahydrogeraniol , linalool, 
citronellol, geraniol and tetrahydrolinalool might also 
5 render cells competent for uptake of exogenous compounds, 
including antibiotics. Table 3 indicates that these 
compounds have weak, if any, activity with S. aureus and 
ciprofloxacin when compared with the sesquiterpenoid 
compounds at the same concentration (0.5 mM) . 

10 Several terpenoid flavor or aroma compounds were 

examined by antibiotic disc assay at a concentration of 
0.5 mM for their ability to sensitize S. aureus to 
ciprofloxacin. The results are shown below in Table 3, 
with terpenoids grouped according to their structures as 

15 cyclic monoterpenoids, acyclic monoterpenoids or 
sesquiterpenoids . On plates containing cyclic 
monoterpenoids or acyclic monoterpenoids, measurements of 
zone size did not differ more than +/- 1 mm relative to 
the control. On plates containing sesquiterpenoids, 

20 measurements of zone size varied from +2 mm to +5.5 mm 
relative to the control, with apritone being the least 
effective and nerolidol the most effective in sensitizing 
S. aureus to ciprofloxacin. 
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TABLE 3 





terpene 


ciprofloxacin 5 jt/g 




nunc 


22 








5 


a-ierpinene 


00 




lerptneoi 


00 
LL 




limnnitfiA 

nmonene 


00 
LL 




romnhono 

cainpncne 


LL 




ctneoie 


00. 

Lo 


10 


meninDne 


00 
Lo 




acyclic monoterpenoids 


21.5 
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00 
LL 




tetrahydrogeraniol 


22.5 




linalool 


22.5 




citronellol 


22.5 


20 


geraniol 


23 




tetrahydrolinalool 


23 




sesquiterpenaids 






apritone 


24 


25 


bisabolol 


25 




nerolidol 


27.5 



Table 3 : Comparison of three classes of terpenoid 
compounds examined for the ability to sensitize S. aureus 
to antibiotic discs containing ciprofloxacin (5 /xg) . 
Terpenoid compounds are grouped as cyclic monoterpenoids, 
acyclic monoterpenoids and sesquiterpenoids . All 
terpenoid compounds were examined at a concentration of 
0.5 mM. 

C. Effects on Gram-Negative Bacteria: In plating 
experiments, nerolidol led to a dramatic increase in the 
susceptibility of E. coli to the membrane -targeted 
amphiphile polymyxin B (Fig. 4) . 



30 



35 
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Fig. 4 demonstrates synergistic effect of nerolidol 
(l?'nM) on activity of polymyxin B (10 ppm) against E. 
coli ATCC 25922. Cell suspensions (1.7 x 10 7 cfu/ml in 67 
mM phosphate buffer, pH 7.0) were treated as shown and 
5 incubated for up to 30 minutes at 37°C. Cell viability 
was determined at appropriate intervals by pour plating 
with Trypticase Soy agar tempered to 50 °C. 

4. Discygsipn 

Bard, et al. studied the effects of geraniol on 

10 whole cells of yeasts and on lipid vesicles, 

demonstrating that geraniol increased membrane fluidity 
in whole cells and facilitated erythritol leakage from 
lipid vesicles. The most pronounced effects of geraniol 
on membrane fluidity were found to occur within the 

15 central (acyl chain) portion of the lipid bilayer. 
(Bard, £t al . , 1988). Bondar, et al. showed that 
farnesol produced similar effects on 

dimyristoylphosphatidylcholine (DMPC) vesicles. (Bondar, 
1994) . 

2 0 Studies on the interactions between anesthetics or 

insecticides and biological membranes have correlated the 
presence within the bilayer of these foreign molecules 
with the incidence of structural defects such as 
mismatches in lipid packing. The macroscopic effects of 

25 these structural defects include leakiness and enhanced 
transmembrane permeability to a variety of solute 
molecules. It has been suggested as a general outcome 
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that the presence of foreign molecules which interact 
with lipid acyl chains will result in increased passive 
bilayer permeability at temperatures away from the main 
lipid transition (J<J>rgensen, 1991). 
5 The results from our studies indicate that 

sesquiterpenoids such as farnesol, nerolidol, bisabolol 
and apritone cause the rapid and non-specific uptake of 
exogenous compounds, including antibiotics and food grade 
antimicrobials, by bacteria and fungi. The effect is 

10 most pronounced for gram-positive bacteria, presumably 
due to their lack of additional permeability barriers 
such as the outer membrane of gram negative bacteria. 

We suggest that the interactions of farnesol, 
nerolidol, bisabolol and apritone with the cell membrane 

15 disrupt its normal function as a barrier to the passive 
permeation of a variety of solute molecules, including 
antibiotics . 

Although there are literature reports regarding the 
ability of terpenoids to facilitate the uptake of drugs 

20 across the human stratum corneum, to our knowledge this 
is the first report demonstrating the use of 
sesquiterpenoids as a class of compounds for use in 
promoting the uptake of exogenous compounds across 
microbial lipid bilayers. It was also known that 

25 terpenoids by themselves may exert some antimicrobial 
activity. 

To determine the ability of farnesol, nerolidol, 
bisabolol and apritone to permeabilize gram positive 
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bacteria and yeasts, we used a flow cytometric assay for 
th% uptake of ethidium bromide by Lactobacillus fermentum 
and Zygoaaccharomyces bailii. 

Ethidium bromide is a hydrophobic model drug which 
has limited intrinsic fluorescence and is excluded from 
cells with intact membranes. When cells with damaged or 
compromised membranes are treated with ethidium bromide, 
this reporter molecule is no longer excluded from the 
cell. Once inside the cell, ethidium bromide 
intercalates into double-stranded DNA and becomes highly 
fluorescent. Because of these properties, ethidium 
bromide is an excellent reporter of membrane integrity. 
(Midoux, 1995) . 

Flow cytometers are capable of analyzing thousands 
of cells per second on the basis of their size, 
granularity (cell content) and fluorescence 
characteristics. Briefly, cells in suspension are 
treated with fluorescent reporter molecules whose 
retention or exclusion by cells or changes in 
fluorescence are diagnostic of cell function. Dye- 
treated cells in solution are then passed individually 
through an intense light source (usually a laser) and 
data on particle size, opacity and fluorescence response 
of cell -bound reporter dyes is collected by a computer. 

Data may be displayed in the form of histograms, dot 
plots, contour plots or density plots. When histograms 
are shown, displayed parameters are usually number of 
events (y-axis) vs fluorescence intensity (x-axis) . This 
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yields a fluorescence -based distribution of cells from 
which trends for different cellular populations may be 
derived. Populations of cells will shift toward the 
right hand side of the histogram as their fluorescence 
5! increases. If cellular fluorescence decreases, 
histograms will show a leftward shift. 

When exposed to ethidium bromide in the presence of 
farnesol, nerolidol, bisabolol or apritone, cells of L. 
fermentmn or Z. bailii became more fluorescent (seen as a 

10 rightward shift of histogram peaks) than those of the 

control treatment, indicating that the cell membrane is 
made permeable to ethidium bromide. Furthermore, cells 
of L. fermentujn were made permeable as soon as 5 minutes 
after treatment with 0.5 mM nerolidol. These results 

15 have important implications for the rapid cellular uptake 
by microorganisms of other drugs sharing similar 
physicochemical characteristics with ethidium bromide 
(i.e. similar molecular weight, some degree of 
hydrophobicity , etc.) . 

20 The results from antibiotic disc diffusion 

experiments with S. aureus agree with data obtained by 
flow cytometry, showing that nerolidol, bisabolol and 
apritone enhance the activities of several antibiotics 
against this organism. Furthermore, enhancement 

25 increased as the concentration of sesqui terpenoid present 
in the agar overlay increased. 

For the most part, results from antibiotic disc 
diffusion experiments were less pronounced with E. 
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faecalis, an important nosocomial pathogen. However, an 
almost two- fold enhancement of inhibition zone size was 
observed when nerolidol was combined with the 
aminoglycoside antibiotic gentamicin against E. faecalis. 

What makes this effect more remarkable is that 
enterococci are considered to be intrinsically resistant 
to low levels of aminoglycosides due to inefficient 
active cellular uptake of this class of antibiotics. 
(Leclercq, e£. aL. , 1992) . These data support our earlier 
conclusions that sesquiterpenoid-mediated uptake of 
antibiotics is nonspecific and can therefore encompass a 
number of molecules. Apart from gentamicin' s recognized 
mode of action (ribosome binding) , this antibiotic has 
also been shown to have important membrane-destabilizing 
activities. This further supports our conclusion that 
sesquiterpenoid permeability enhancers act at the cell 
membrane (Kadurugamuwa, et al., 1993). 
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CLAIMS 

We claim: 

1. A method of promoting the uptake of exogenous 
antimicrobial compounds by microbial cells comprising the 
step of exposing the microbial cell to an amount of at 
least one sesquiterpenoid effective to enhance 

5 antimicrobial compound uptake in the microorganism and an 
antimicrobial compound. 

2 . The method of claim 1 wherein the antimicrobial 
compound is an antibiotic. 

3 . The method of claim 2 wherein the antibiotic is 
selected from the group consisting of clindamycin, 
ciprofloxacin, erythromycin, tetracycline, gentamicin, 
vancomycin and polymyxin B. 

4 . The method of claim 1 wherein the antimicrobial 
is a food grade antimicrobial compound. 

5. The method of claim 1 wherein the microbe is a 
bacterium. 

6. The method of claim 1 wherein the microbe is a 
fungus . 
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7. The method of claim 1 wherein the 
sesquiterpenoid is selected from the group consisting of 
farnesol, nerolidol, bisabolol and apritone. 

8. The method of claim 7 wherein the 
sesquiterpenoid is nerolidol. 

9. The method of claim 7 wherein the 
sesquiterpenoid is farnesol. 

10. The method of claim 7 wherein the 
sesquiterpenoid is bisabolol. 

11. The method of claim 7 wherein the 
sesquiterpenoid is apritone. 

12 . The method of claim 1 wherein the 
sesquiterpenoid is at a concentration of between 0.1 mM 
and 50 mM. 

13. The method of claim 12 wherein the 
concentration is between 0.5 mM and 2 mM. 

14 . The method of claim 1 comprising a mixture of 
at least two sesquiterpenoids. 
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15. An antimicrobial composition comprising at 
least one sesqui terpenoid and an antimicrobial compound, 
the sesquiterpenoid being present in a concentration of 
between 0.1 mM and 50 mM. 

16. The compound of claim 15 wherein the 
concentration of the sesquiterpenoid is between 0.5 mM 
and 2 mM. 

17. The composition of claim 16 wherein the 
antimicrobial compound is an antibiotic. 

18. The composition of claim 15 wherein the 
sesquiterpenoid is f arnesol . 

19. The composition of claim 15 wherein the 
sesquiterpenoid is nerolidol. 

20. The composition of claim 15 wherein the 
sesquiterpenoid is bisabolol. 

21. The composition of claim 15 wherein the 
sesquiterpenoid is apritone. 

22. The composition of claim 17 wherein the 
antibiotic is selected from the group consisting of 
clindamycin, ciprofloxacin, erythromycin, tetracycline, 
gentamicin, vancomycin and polymyxin B. 
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23. The composition of claim 15 comprising at least 
two different sesquiterpenoids . 
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